The effects of supine bicycle exercise on the input impedance of the ascending aorta were studied in thirteen male subjects undergoing cardiac catheterization, but in whom no cardiovascular disease was found. Ascending aortic flow velocity and pressure were recorded simultaneously from a multisensor catheter with an electromagnetic flow velocity probe and a pressure sensor mounted at the same location. A second pressure sensor at the catheter tip provided left ventricular pressure. Fick cardiac outputs were used to scale the velocity signal to instantaneous volumetric flow. Input impedance was calculated from 10 harmonics of aortic pressure and flow. For each subject, impedance moduli and phases from a minimum of 15 beats during rest and exercise were averaged. Peripheral resistance decreased from a resting value of 1142 ± 51 (± SE) dynes sec/cm 6 to 712 ± 39 dynes sec/cm 6 during exercise. Characteristic impedance remained unchanged with a resting value of 47 ± 4 dynes sec/cm 5 and an exercise value of 45 ± 4 dynes sec/cm 5 . These results were associated with an increase in aortic pressure (96 ± 2 to 111 ± 2 mm Hg) and pulse wave velocity implying a decrease in aortic compliance. An increase in aortic cross-sectional area apparently offsets the effects of these changes in compliance and pulse wave velocity to result in an unchanged characteristic impedance. The increase in pulse wave velocity caused wave reflections to occur earlier during exercise, but the general characteristics of the pressure wave shapes remained unchanged.
THE effects of exercise on the systemic arterial system have been limited principally to studies on aortic pressure, cardiac output, and peripheral resistance (Donald et al., 1955; Ekelund and Holmgren, 1967; Stenberg et al., 1967; Astrand and Rodahl, 1971 ). Since exercise induces changes in both cardiac function and the arterial system, an investigation of the effects of this physiological stress on the arterial system alone requires the application of a technique that separates the heart from the peripheral circulation. The calculation of input impedance of the systemic circulation satisfies this requirement [Randall and Stacy, 1956; McDonald and Taylor, 1959; Patel et al., 1964; McDonald, 1974 (pp. a) ].
The effects of exercise on canine pulmonary arterial impedance have been studied by Elkins and Milnor (1971) . This study demonstrated that the peripheral resistance of the pulmonary circulation decreased but the characteristic impedance increased during exercise. In the systemic tree, peripheral resistance decreases with exercise (Donald et al., 1955) but the effects of this physiological stress on aortic input impedance have not been recorded in animal or humans. The first objective of this study was to investigate the changes in characteristic impedance induced in the human systemic arterial tree by exercise.
A comparison of central and peripheral arterial wave shapes during rest and exercise was reported by Kroeker and Wood (1955) . They related the differences seen in pressure wave shapes between different locations in the arterial system to reflections and/or resonance. We recently have examined the relationship between pressure wave shapes and the impedance spectral pattern in the ascending aorta of normal humans during the resting state (Murgo et al., 1980) . This study demonstrated that reflections of pressure waves in the human arterial tree play a large role in some subjects, but contribute less to the wave shapes in others. The second objective of this study was to examine the effects of exercise on the total input impedance spectrum with special emphasis on wave reflection phenomena.
Methods

Patient Selection and Catheterization Techniques
Thirteen male patients who underwent elective cardiac catheterization but in whom no cardiovascular disease was found comprised the study group. The details regarding cardiac catheterization techniques were reported recently (Murgo et al., 1980) . In this study, supine dynamic exercise was undertaken using a bicycle ergometer. The exercise load was chosen to be submaximal so that an average increase in heart rate of 50% was achieved and oxygen consumption was increased 3-to 4-fold. All measurements were made during steady state conditions as determined by stable heart rates and stable sequential pulmonary artery hemoglobin oxygen saturations. Cardiac output was calculated using the direct Fick method (Slonin et al., 1967) with duplicate determinations made during rest and single determinations during exercise. The mean systolic radius of the aorta was determined angiographically during rest only to evaluate the proximal geometry of the aortic tree. The study protocol was approved by the Clinical Investigation and Human Use Committees of Brooke Army Medical Center and the United States Army Surgeon General's Office. Informed consent was obtained from all patients.
A custom-designed left heart catheter containing two solid-state pressure sensors (Millar MIKRO-TIP, Millar Instruments, Inc.) and an electromagnetic flow velocity probe (Carolina Medical Electronics, 1973-75; Millar Instruments, Inc., 1975-77) was used. Details of the technical characteristics and calibrations of these sensors, analog and digital processing techniques, and their application to the human circulation have been described previously (Murgo and Millar, 1972; Millar and Baker, 1973; Nichols et al., 1977; Murgo, 1975; Murgo et al., 1977; Nichols et al., 1980) .
Calculation of Input Impedance
The spatial flow velocity profile in the proximal ascending aorta was assumed to be blunt (Schultz et al., 1969) and cyclic changes in the diameter of the ascending aorta were considered negligible. The aortic flow velocity signal was calibrated in terms of volr metric flow by integrating the area under the flow velocity curves and setting those areas equal to the stroke volume as determined by the direct Fick method. This calibration technique was performed separately for rest and again during steady state exercise. Arterial input impedance for a minimum of 15 heart beats during each state was determined and a spectral averaging algorithm was used to remove the effects of noise in the physiological signals. These procedures resulted in discarding 5-10% of the original data points (Murgo et al., 1980) . The first 10 harmonics of aortic input impedance were determined for each subject, and characteristic impedance was taken to be the average of all impedance moduli above 2 Hz (Nichols et al., 1977; Pepine et al., 1978) .
In all subjects, a well-defined inflection point divided the aortic pressure wave form into an early and late systolic phase. In those pressure pulses in which systolic pressure was highest following the inflection point, we have shown that the input impedance of the ascending aorta demonstrated large oscillations (Murgo et al., 1980) . Conversely, in those pressure pulses in which systolic pressure was highest before the inflection point, the impedance spectrum was flatter. We concluded that these wave forms were the result of strong wave reflections in the former case, with weak or more diffuse reflections in the latter case. In that study, the subjects were divided into three subgroups according to the shape of the ascending aortic pressure wave form during rest. This subclassification was retained in the present study so that we might investigate the effects of exercise on the pressure wave shapes and their corresponding impedance patterns. Figure 1 illustrates the basis for this classification:
Type A: patients whose peak systolic pressure (P p k) occurred in late systole following a well-defined inflection point (Pi) and AP/PP > 0.12, where AP = Ppk -Pi and PP = total pulse pressure. Type B: patients whose peak systolic pressure also occurred in late systole following an inflection point but 0.0 < AP/PP < 0.12 (not illustrated).
Type C: patients whose peak systolic pressure preceded a well-defined inflection point and AP/PP < 0.0 (i.e., a negative slope between P P k and Pi). Mills et al. (1970) focused on changes in the aortic flow velocity wave form as a function of location in the arterial system and also subclassified this physiological parameter into three subgroups. The differences observed in the arterial pressure wave forms accompanying these different flow velocity wave forms qualitatively correlated to our subclassification.
To relate the patterns of the impedance moduli spectra for the three subgroups, each subject's amplitude spectrum was normalized to the individual's characteristic impedance. The normalized moduli and the phase then were averaged by harmonic for each subgroup.
Results
Thirteen male subjects, mean age 31 years, were studied during rest and submaximal supine bicycle exercise. Subjects with type A and type B beats fell into an older age population than subjects with type C beats. Basic hemodynamic data are given in Table 1 . The diameter of the ascending aorta was normal in all subjects with no significant differences between the three subgroups. Significant changes were induced in cardiac output which increased PP AP 100 -I A i p VOL. 48, No. 3, MARCH 1981 FIGURE 1 Pressure wave shape classification. PP is pulse pressure; P p k = peak systolic pressure; Pi = inflection pressure; P = P P k -Pr, bt p is the time interval between onset of systolic pressure waveform and P,. Only type A and type C beats are shown; the type B beat is intermediate between types A and C.
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from 6.8 to 12.8 liters/min. This increase was principally the result of an increase in heart rate from an average of 75 to 117 beats/min with smaller changes occurring in stroke volume. Peak ascending aortic flow increased on the average from 665 ml/ sec during rest to 940 ml/sec with exercise. Mean aortic pressure and aortic pulse pressure also increased as shown.
The major features of input impedance, i.e., the peripheral resistance and the characteristic imped-ance, are given in Table 2 . Peripheral resistance decreased with exercise, but the characteristic impedance remained constant. There were no significant differences in the absolute values of exercise-induced changes between the three subgroups.
The pressure wave forms remained similar in appearance for each subject from rest to exercise as exemplified in Figures 2 and 3 (top). The subclassification of subjects into the subgroups defined by the shape of the aortic pressure pulse during rest (Scheffe, 1953) . All parameters changed significantly from rest to exercise within subgroups and for total group. (Scheffe, 1953) . Figure 3 . The peripheral resistance decreases from 849 ± 59 (±SD) to 600 ± 82 dyne sec/cm 5 in this patient.
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accordingly was unchanged by the stress of exercise. The basis of this classification, i.e., the quantity AP/PP during both rest and exercise is given in Table 3 . The quantity AP/PP remained largest and positive in subjects with type A beats and negative in subjects with type C beats. Group B also remained essentially unchanged. Although the increased heart rate precipitated by exercise spread the impedance data into higher frequencies, the patterns of the impedance spectra remained similar in appearance for each subgroup. The modulus of the input impedance from a subject with type A beats demonstrates large oscillatory behavior both at rest and during exercise (Fig. 2) . The flatter impedance spectrum found in a subject with type C beats (especially in the first six harmonics) was also preserved in the exercise spectrum (Fig. 3) . The average impedance spectra for all subjects in group A, group B, and group C are shown in Figure 4 . Since these spectral patterns represent the average of a number of subjects for each group, the moduli spectra were normalized with respect to the characteristic impedance. These averaged spectra also demonstrate that the pattern present in the resting state was preserved during exercise.
To quantify the amount of oscillatory behavior of the impedance spectra, the difference between maximum and minimum values of the moduli relative to the characteristic impedance was calculated. The results are shown in Table 3 . During rest and exercise, this index of the deviation of impedance moduli from the characteristic impedance was largest in subjects with type A beats, smallest in subjects with type C beats, and intermediate in subjects with type B beats. For each subject, the frequencies at which the first minimum of the impedance modulus occurred (f m in) moved to higher harmonics with exercise (Table 3 ).
The simplest analog that explains many of the features of wave travel and input impedance is an elastic tube [Remington, 1963; McDonald, 1974 (pp. b) ]. Wave reflections arise at the termination of the tube, the magnitude of which depend upon the degree of "mismatch" between the peripheral resistance and the characteristic impedance of the tube. The impedance spectrum of such a model displays a pattern of minima and maxima in the modulus of the input impedance associated with zero crossings of the phase angle. If one uses this model as a first approximation of the systemic circulation, it can be shown that there is a definite relationship between the (first) impedance minimum and the time of the secondary rise in systolic aortic pressure (Murgo et al, 1980) . From the location of the first impedance minimum, the "effective" length of the tube can be derived by the quarter wave relationship (McDonald and Taylor, 1959) :
where L z is the effective length, c is the phase velocity, and f m m is the frequency at which the minimum of the impedance modulus occurs. The "effective" length of the system may also be derived from the pressure wave form by the relationship (Murgo et al, 1980) : where Lp is the effective length, and Atp (defined in Fig. 1 ) is assumed to be the time of travel of the wave from the heart to the reflection site and back. Foot-to-foot pulse wave velocity was measured in all subjects during rest and used as an approximation of the phase velocity [McDonald, 1974 (pp. c) ]. The effective length of the system was calculated using both Equations 2 and 3 during that state. The results, reported by us previously (Murgo et al., 1980) , suggest that the region of the terminal abdominal aorta behaves as the major effective reflection site as seen in the ascending aorta. Since pulse wave velocity was not measured during exercise, only the transmission times to the effective reflection site and back were evaluated in this study. These were derived from Equations 2 and 3 by setting L,. and L p to be equal. Eliminating phase velocity (c) from both Equations 2 and 3, the transmission time (Atp) derived from the pressure wave form was related to the transmission time (At,.) derived from the impedance spectra where:
At,. = V2 f min .
(4)
Both Atp and Atz were calculated for all patients, and the results are shown in Figure 5 . In all cases, wave transmission times to the reflection site and back were reduced during exercise.
Discussion
This study demonstrates that peripheral resistance (the zero Hz term of impedance) decreases during exercise allowing for an increased cardiac output while limiting the rise in systemic arterial pressure. In contrast, the characteristic impedance of the aorta appears to remain constant. Characteristic impedance may be expressed in terms of the physical characteristics of the aorta by the relationship (Gessner, 1972) : where p = blood density, A = cross-sectional area of the aorta, and P = aortic pressure. The term p/A is equivalent to the inertance per unit length and the term AA/AP is equivalent to the aortic compliance per unit length. During exercise, mean aortic pressure increases (see Table 1 ). With an increase in aortic transmural pressure, compliance (AA/AP) decreases [McDonald, 1974 (pp d) ], i.e., AP/AA increases, and the absolute cross-sectional area (A) increases as well. Although exercise induces changes in the components of characteristic impedance, the changes are similar in proportion so that no significant change in characteristic impedance itself occurs. One possible technical explanation for this finding might be related to higher noise levels in the flow signal during exercise. This would result in a consistent underestimatioin of characteristic impedance during exercise. However, such an effect would be expected to be greater in the higher frequency range. Recalculation of characteristic impedance using a frequency range equal to that present during rest did not alter these results (average Z c = 48 ± 5 dynes sec/cm 5 ).
To our knowledge, no previous studies on the effects of exercise on characteristic impedance are reported in the literature. Cox (1975) has shown that increases in aortic transmural pressure over a pressure range larger than that produced by exercise in this study resulted in no significant changes in characteristic impedance of the aorta in dogs. O'Rourke and Taylor (1967) explained a decrease in characteristic impedance in spite of an increase in blood pressure and pulse wave velocity by suggesting that the wave velocity in the ascending aorta and aortic arch did not increase as much as the cross-sectional area of these same vessels. This argument is similar to that offered above in explaining the effects of exercise on characteristic impedance in this study. The constancy of characteristic impedance of the aorta in humans between rest and exercise demonstrated in this study is accordingly in agreement with changes predicted on theoretical grounds and the results of most experimental studies in which characteristic impedance has been examined under the influence of increasing transmural aortic pressures.
It may be important to mention that characteristic impedance is not a fixed constant under all circumstances. Characteristic impedance of the aorta appears to be increased in coronary artery disease (Nichols et al., 1977) , probably due to coexistent arterial degeneration and stiffening. Similar results were found in patients in heart failure (Pepine et al., 1978) . In the dog, it was shown that characteristic impedance of the femoral artery increased with the stimulation of smooth muscle by means of topical application of norepinephrine (Cox, 1975) . In the primarily elastic proximal aorta, it appears that smooth muscle stimulation resulting from exercise-induced catecholamine release is too small to change characteristic impedance significantly.
The effects of exercise on input impedance of the pulmonary circulation have been studied by Elkins and Milnor (1971) . This study demonstrated an increase in the characteristic impedance of the dog's pulmonary artery. However, these investigators mention that no allowance was made for the loading effect of the flow transducer on the pulmonary artery and comment that their estimates of characteristic impedance may well be higher than the true values by an undetermined amount. In an earlier study, Bergel and Milnor (1965) found characteristic impedance of the pulmonary artery virtually unaffected by increases in pulmonary artery pressure from 19 to 37 mm Hg induced by serotonin administration.
A second major result of this study is the fact that, despite a shift of the impedance spectral plots to higher frequencies, the qualitative pattern of these spectra do not change appreciably with exercise . Impedance moduli spectra that demonstrated large degrees of oscillation at rest retained these characteristics during exercise. Similarly, spectra that demonstrated low degrees of oscillations at rest demonstrated similar patterns during exercise. The degree of oscillation in the impedance spectra (Eq. 1) is related to the magnitude of reflections and degree of dispersion [Mc-Donald, 1974 (pp. e) ]. These results would suggest that there was no significant alteration in wave reflection during exercise.
Exercise caused an increase in the frequencies at which the impedance moduli attain minimum values and the phase angles cross zero. This is in contrast to the effects on input impedance that occur with an increase in heart rate alone. An increase in chronotropic drive as produced by atrial pacing causes no shift of the basic impedance curve to higher frequencies (O'Rourke and Taylor, 1966; Noble et al., 1967) . The differences in input impedance induced by the physiologic stress of exercise as opposed to a pure increase in heart rate may be explained by the fact that pressure increases during exercise. As discussed above, an increase in transmural aortic pressure leads to an increase in crosssectional area and a decrease in compliance. From the Newton-Young equation [McDonald, 1974 (pp. f) 
It follows that these changes result in an increase in the pulse wave velocity (c). An increase in pulse wave velocity as a result of increasing pressure in the dog has been reported previously (Anliker et al., 1968; Cox, 1975) . If the effective length of the arterial system remains constant with exercise, this increase in pulse wave velocity shortens the wave transmissioin time. In the frequency domain, this results in an increase in the parameter f m i n causing the impedance spectra to shift (Table 3 ; Figs. 2-4) . Foot-to-foot pulse wave velocity as an estimate of phase velocity [McDonald, 1974 (pp. c) ] was not measured during exercise for the subjects reported in this study. However, using techniques previously described by this laboratory (Murgo et al., 1980) , we have examined pulse wave velocity during exercise in five additional subjects studied more recently. The average pulse wave velocity was 4.2 ± 0.2 m/sec in rest and 5.2 ± 0.2 m/sec during exercise, i.e., an increase of 24%. In these five additional subjects, mean aortic pressure increased from 97 ± 1 mm Hg at rest to 117 ± 3 mm Hg during exercise as compared to 96 ± 2 mm Hg to 111 ± 2 mm Hg for the 13 subjects in this study (Table 1) . These results would suggest that an increase in pulse wave velocity of the same order of magnitude occurred in the subjects in this study.
Pulse wave velocity may be related to characteristic impedance through the following equation [McDonald, 1974 (pp. g) ]: c = (Zc-A)/p.
(7)
Since pulse wave velocity appears to have increased in the order of 24% and characteristic impedance remained constant, the change in aortic cross-sectional area must have been of the same order of magnitude, i.e., equivalent to a change in the radius of approximately 10%. This is not inconsistent with the data of Merillon et al. (1978) who evaluated the elasticity of the ascending aorta in humans. Since the blood density p in humans is approximately unity, the term (Z C A) in Equation 7 is equivalent to calculating characteristic impedance using linear flow velocity instead of volumetric flow. Expressing impedance in these terms is one way of normalizing for differences in size of the arterial tree and more easily allows for comparing different subjects or different species (Avolio et al., 1976) . We chose to calculate impedance using volumetric flow in this study since changes in aortic dimensions were not determined during exercise and changes in the position of the flow-pressure measuring site in the ascending aorta during exercise often were necessary to maximize the quality of the flow-velocity signal. Figure 5 relates the wave transmission times calculated from pressure (Atp) to those calculated from impedance (Atz) during rest and exercise. In all subjects, wave transmission times were reduced during exercise. Furthermore, in those subjects in whom inflection points in the pressure waves and minimal values in the modulus spectrum were measured easily (i.e., the subjects in group A and most subjects in group B), the changes calculated in this manner were equal, as graphically illustrated by a 45° slope between the rest and exercise values. An average decrease in wave transmission time (Atp) of 21% was measured, and this corresponds closely to VOL. 48, No. 3, MARCH 1981 the 24% increase in pulse wave velocity measured in the five additional subjects mentioned above. These results imply that the location of the effective reflection site or sites is not changed during exercise, since the decrease in wave transmission time may be accounted for solely by the increase in pulse wave velocity.
Since the physiological stress of exercise does not appear to affect significantly the site or magnitude of wave reflections (expressed by Eq. 1), one would expect that the pressure wave shapes would remain qualitatively unchanged, as was shown in this study. The configuration of pressure and flow wave forms are determined primarily by the first 4-6 harmonics, and it is of interest to examine the effects of exercise on the spectra of the wave forms themselves. Figure  6 shows the averaged spectra of the first 10 harmonics of both pressure and flow wave forms during rest and exercise for the three subgroups and for the entire group. In each subgroup, the patterns of the moduli of pressure and flow harmonics remain similar in appearance between rest and exercise. The patterns of both the pressure and flow spectra also are similar between the three subgroups. Thus, the difference in wave shapes seen among the three subgroups is not evident when examining pressure and flow spectra alone. It was necessary to calculate impedance to bring out these differences and emphasize the role of reflections in the arterial sysem.
In summary, the physiological stress of mild supine exercise induces changes in peripheral resistance, compliance, and inertance. The changes in the latter two components are of such a magnitude and direction that characteristic impedance remains constant (Eq. 5) and pulse wave velocity increases (Eq. 6). The degree of reflection and the major effective reflection site appear to remain constant. The combined effects of exercise on the arterial tree leave the basic wave shapes of pressure and flow qualitatively similar to those present in the resting state.
